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PREFACE

This is the fifth Conference in a series in which three have been held at
Meersburg, in the Federal German Republic (1965,1967 and 1974) and one at Elve-
tham Hall in Hampshire, U.K. (1970). These earlier conferences were sponsored
by Dornier System GmbH acting on behalf of the Federal German Ministry of Defence
and by the U.K. Ministry of Defence (Procurement Executive). The Materials De-
partment of the Roval Aircraft Establishment, Farnborough, co-ordinated the U.X.
effort and undertock the production of the Proceedings: 3indrew Fvall and Roy
King were Editors. Not all the Confarences in this series have had the same ti-
tle. Early ones were predominantly about liguid impact and rain erosion, but
inevitably the scope extended to include "associated phenomena”. In this Meeting
it was decided to give approximately equal time to the major topics <f liquid
impact, solid impact and cavitation erosion.

The response to the "call for papers” was extremely encouraging. Over
100 synopses were submittad, and of these 80 were highly recommended bv the
Referees;: the remainder frequently contained excellent material but were thought
to be peripheral to the main themes of the Conference. With so many 3ced pagers
the Conference Committee decided to exvand what was planned to be a three day
Meeting into a four day one. The final programme is likely to have about 75
papers, and the Committee are delighted that almost every group actively engaged
in ercsion research {s likely to be represented.

The Committee felt strongly that every effort should be made to have the
Proceedings available at the time of the Conference. This meant asking for
"camera-ready" papers. We are most grateful to the Authors Zor preparing their
papers in this way and keeping o suggested deadlines. At the time of writing,
it looks as if all but a2 very few will be included in the Proceedings. Since
this volume will be an important and up-to-date record of erosion research, extra
copies are being prepared. It will, therefore, be possible for individuals and
libraries to purchase further copies.

The Authors have been allocated lecture times of 10,15 or 20 minutes, The
Committee have emphasised to Authors that this does not reflect their cpinions
of the likely quality of the paper, but are simply times expected for adeguate
delivery of the subject matter. Authors have been given the opportunity to ask
for an increased time allowance. What this means is zhat the times allowed :in
the final programme have been agreed by the Authors. Session Chairmen we feel
will be reinforced by this and will act firmly and fairly =o ensure tne success-
ful running of the Conference.

We are grateful to Professor Navid Tabor £or acting as CTcrnference Chairman

His now classic work with the late Professor Bowden, on Fricticn and Lubrication
involved pioneer work on contact stress, hardness, elastic deformaticn anéd sur-
faces:; all are major themes in the present Tonference. The Jcmmiztee would like
to express their appreciation to the International Advisors {or their nelp in
publicising the Meeting and for their valuabie advice at all stages 5f the plan-
ning of the Conference. I would like %o thank the Organising Committee fcr <heir
hard work and support. Dr. Norman Corney and Or. John lLancaster of Farnborouch,
together with Mr, Peter Rolls and Mr, Peter Pinnock of the printing department
at Farnborough, toock the full load of converting the "camera~ready” papers into
the Proceedings. All delegates, and in fact all readers of the Prcceedings, will
feel grateful for their efforts. The Cambridge members of the Commiztee have
shared all the local organisational work. I wculd like te add parsicular thanks
to my two colleagues in the Cavendish, Dr., David Gorham and DOr. Jchn Matthewson

‘ - - (the most "local” cof all =he Committee members; and consequently the first in

—:;;;;;ion r line for urgent jobs. They have "battled” with local printers, checked lists,
sealed envelopes etc. with alacrity and enthusiasm. No organisational work can

BTIS GFPA proceed satisfactorily without devoted secretarial help, and =he noble ladies in
DTIC 1.8 the case of this Conference are Mrs. Felicity (Flick) Ellis and Mrs., Cerie
lonzarich.
Uosaneu:ed
stificatior The sponsors for this Meeting are the United States Army and Air Torce,
f&». through the U.S. Procurement Agency, Eurcpe, the United States Navy through their
Zuropean 0ffice and the Ministry of Defence (Procurement Executive) U.K. The

£ Royal Aircraft Establishment, U.K. took full Tespensibilicy for preparing the

pistridution, Con:orggc- Proceedings. All these sponsors are thanked Ior their generssity.
Availability Cotos DR. JOHN FIELD
lAvail and/or
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Proc. Sth Iac. Conf. on Erosion by Solid and Liquid Impact

OBSERVATIONS ON BUBBLE DYNAMICS IN JET FLOWS AND AT HIGH AMBIENT PRESSUPES

A.T. Ellis and J.E. Starrets
University of California, San Diego

Recent development by the authors of a unique rubv laser light source has
permitted moving pictures of bubble growth and collapse to be made during a
tvo-ailll d observation time at rates from 100,000 to 1,000,000 frames per
second with exposure time of approximacely 2+10~' seconds.

The coherent nature of the laser illuminacion revealed shock waves with-

out need for Schlieren techniquaes.

It seemed quite evident that bubble

collapse microjets rather than shockvaves caused grester damage to fused
quartz specimens. There also seemad to be damaging iets generated during

bubble rebound.

Since possible use of cavitation to assist deep bore earth drilling has
been proposed, experiments were conducted utilizing spark generaced cavitiaes
in vater and non-Newtonian solutions at ambieant pressures up to 35 MPa
(10,000 ft bore-hole depth). Radius-time curves showed fairly good agreement
vith che classical theory of Lord Rayleigh even above the 22 MPa critical
point for water. Flow generated cavitation in jets from types of nozzles
including thst of Leach and Walker were observed.

To facilitate analysis, single bubbles were zenerated in a flow normally
impacting a solid wall. The bubbles assumed an ellipcical shape near the
stagnation region and relstively fine bubble jets were observed during Soth
collapse and rebound. These observations appear to qualitatively support
earlier theoretical vork by many investigators including Naude and Ellis 1],
Benjamin and Ellis [2], F.P. Bowden [)], Plesset and Chapman {4] and =ore

recently, Voinov and Voinov [S].

Research supported by Office of Naval Rasearch & National Science Foundation.

HISTORICAL BACKGROUND AND INTRODUCTION

Effects of two basic phenomena have been
observed at least as long as the eighteenth
century. Theoretical treatment of cavitacion
probably began in 1754 wich Euler [6], and
the use of a hollow explosive charge to form
a jet was dentioned in 1792. Theoretical work
on the explosive "Munroe” jets dates from the
dorld War II work of Sir Geoffrey Taylor (7],
and others [8].

Although cavitation wvas easily observed
long ago, the actual mechanics of bubble
collapse vas not, due to the high velocities
involved. Theoretical wvork by Rayleigh [9],
and others [10], even as late as the 1960's
Jas quently pr upied with spherically
symmetric bubble collapse and damage-causing
sechanism, but it has become {ncreasingly
apparent to many investigators that jets
formed during cavitacion bubble collapse are
probably even more damaging. The close con-
nection, therefore, becween cavitation damage
and "Munroe" jecs was relatively late in being
realized. A more detailad survey of the work
leading to this {s made in the paper "On Jets
and Shockwaves from Cavitation,” by A.T. Ellis
in the Proceedings of the 6th Sywposium on
Naval Hydrodynamics, held in Washiagton, D.C.
in 1966. Briefly, it appears that the cavi-
tation jet vas suspected as early as 1944 (l1],
but actual high-speed photographic proof wvas
not available uncil 1958 when Nsudé and Sllis
using a Kerr cell camera developed Sv £llis (n
1952 [12], took 200,300 ‘rames per second, 0.1

aicrosecond exposure pictures of the actual
collapse on phornelasticall: sensitive solids
[13]. A second-order perturbation theory was
developed bv them at the same time which
exctended the original first-order theory of
Plesset and Mitchell published in 1956 [la].
Much later work confirming these results and
extending thea has been done dv osthers.

This work, however, was dotivated gener-~
ally by the need to suppress cavitation damage
and was not directed toward its use for dril-
ling or excavation. This idea seems to have
originated with various Russian workers but
{n recent years it has received so auch popu-
laricy that the literature is too large cto bde
properly referenced.

Three zain sources of li{terature on this
subject come from meetings of ~he Roval Sociecw
of London i{n 1965, and che 3ritish Hvdrome-
chanics Research Associaticn in 1972 and again
in 1974. Ina particular, the papers of Virgil
Johnson and his associastes at the latter two
aeecings [1S], (16] are of particular interest
for the drilling problem. In their papers,
they descridbe operation of their "cavijec"
vhich indeed is impressive for surface drilling
or a3ining.

It it felz that the implications of =he
theory presented bv 3enjamin and Ellis [i7!
at the Roval Societv af london in 1965 form a
bYasis for zhe explanation of the effec:tiveness
of the "savilet”. The basic point is znat
ranid deformarion of zhe zavitr leads, 5v
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aomencus consideractions, to self-propel the
centroid in the axial, or mean flow direction.
There is thus an additional effact concen—
tracing enargy iato the jet which is highly
dependent on che cencroid velocity. The
practical sigrificance is that bubbles col-
lapsing in a high-speed flow relactive to the
surfacs they will eventually impact should be
much more damaging than if they were collaps-
ing in a stationary msedium. Perhaps the first
observation of this wvas the paper by Knapp
(18] im 1955 {n which small cavitacion bubbles
ware carried along the boundary of a larger
"supercavitacing” stacionary cavity and inco
the stagnation region where their unusually
high translational velocity created conditions
for heavy damage proportional to the fifth or
sixth power of the velocity. Significancly,
however, Knapp estimated that the fraction of
bubbles which vere effective in causing damage
wvas very small. This means that the locatiom
and size of the bubble relative to the surface
to be damaged is very critical.

The proposed means of overcoming these
difficulties vas to provide 2 system wherein
a spark-generated bubble wvas formed in an
already existing flow of as high & velocity as
possible. The generation poiat would not bde
immediate to the solid face to be drilled, but
would be the proper distance away such that
the bubble would grow and start to collapse
as it is swept toward ict. When it reached
the proper standoff distance, another spark
generated bubble would be {nitiated upstreanm
and a strong shock vave caused by this spark.
This shock wave would propagate downstream to
encounter the upper surface of the praviously
generaced bubble and initiace s jet {n the
direction of propagation of the shock. This
experiment vas performed by Ellfls and his
graduate student, Paul Gruber, at Caltech in
1967 [19]. However, the shock wave was gener-
ated b5y a spark {n a tube over a rising curved
air-water incterface and the pressures used
and velocities attained were low. The results
snowed a factor of approximately 3 for the
racio of jec velocity to main flow velocity,
and this sgreed with the observations of
Bowden wherein aicrojet velocities of 1900
neters per ssecond for main jet velocities of
650 meters per second were observed [3].

SPHERICAL BUBBLE DYNAMICS IN A
NON~NEWTONIAN LIQUID

The theory of spherical bubble growth
and collapse in an incompressible liquid was
publighed by Lord Rayleigh im 1917.

1f we include stresses due to surface
tension, 7, Newtonian viscosity, Ugr and
non-Newtonisn fluid stresses based on the two
parameter Oldroyd model (20] chen che bubble
equation developed by Ellis and Ting (21)
bacomes

3 I3 4
3(RR ¢%n2; + f

T -
2 u_Cn) : 3
., R -t R R
*ou, 3 * f = 1+

where P_ i3 the ambient pressure far from the
bubble and Py is the pressure inside the bub-
ble. {n] i{s cthe incrinsic viscosity, C the
concentration, and A the "terminal relaxation
time" [20] of diluca polymer solucions. It
aay be noticed that the integral representing
non-Nevtonian effects is of the "zmemory” type
vhere che scress depends on the aistory of che
strain and scrain rate as well as its current
value. In addicion a cerm representing the
effect of non-condensable gas ia the bubble
zay be included as is done later in this sec-
tion. If cerms involviang viscosity are
neglected, the equation becomes the familiar
Rayleigh equation.

Fortunately, from the standpoint of data
reduction and calculations in the present
work, only the inertial scrass and che pras-
sure were judged to be significant. This wvas
based on the numerical values of the para~
meters in the experiment. It is helpful to
put equation (1) in non-dimensiocnal terms to
see this. The following quantities are there-
fore introduced ([22]:

el fef 7.3 T = /2
R Ra tes §5=7% vhere < .9ISR° -
2
JR;
Reynolds number, Re - s
0T
o2
Webers number, N, = —
2ct”

Debarah number, ¥, = < and “ {ndicates ﬁ%.

Equation (5) then becomes:

-~ - .' -, : :-
e dple B L, Chlf7, 2
- e R XX D7 0
ey L 3G .
CRAQL Y LSRG i . ()

e e

wvhere the positive and negative signs on the
cerm on the right side of the equation are for
the growth and collapse cases, Tespectively.

Typical values for the experiments
reported hers are:

Reynolds number, R =60,000 =0 74,300
Deborah number, ND-ZO to 80.

The dencminator of the coefficient of the
integral {s thus ia the range 1.2x10% to
6.2x10%. Experimental data on the value of
the intrinsic voscosity, [n], at our extremely
high strain rates (33x10°) is unavailable, but
a theoretical treatdent by lumley [23] indi-
cates it may be very high. Because of this

we did some experiments vith polyethyleme
oxide at up to 1300 parts per atllion by weight
concentration. No measurable difference could
be nocticed and we therefore concluded that
neglecting it theoretically vas justified. At
our Revnolds numbars i: was even 3ore dbvious
chat the ovdinary Newconian 7iscosity would
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have a negligible effect. This is an impor-
tant sizplifying assumpcion since it means
that bdbubble dynamics will not be affected at
high ambient pressures by the viscometric
propercies of the drilliang aud.

The effects of compressibility of the
1iquid are also neglected as far as bubble
dynamics are concerned since maximm observed
bubble wall velocities were only about one-
f£ifeh sound speed i{n the liquid.

Measured shock wave velocities were
spproximacely 1.63x10° cm/sec cospared to a
sound speed of 1.49x10° cm/sec at a radius
of 0.5 cm. An escimace of shock pressure at
this radius is 670 MPa (97,000 PSI). This is
in good agreement with asssurements aade by
Sandia Corporation but is nearly an order of
zagnitude lower than stresses developed by
the cavitation jet.

The experimentslly observed bubbles
collapse to a finite volume (typically 62
of maximum volume) and rebound indicacing the

i;nscnce of nou-condcnsibln gns in :hc bubble.
yleigh showed tha 23% is the minimum
volume ratio of :hc bubblc E/R ),‘ , then:

e

Equation (3) was solved aumericsally by a
fourth order Runge~Kutta technique. The
resulting nordalized curves of R vs. t are
shown in Figures 1 and 2. Figure 1 is the

- theoretical Rayleigh curve with z,*n-o for

Soth growth aad collapse. Figure 2 shovs the
curves of Radius (R) and veloctity (R) and
accelaracion (K) for collapse of bubbles by
Soth the vapor model (Rp) and the gas filled
acdel (Rg) of equation (3). Ia this solution
the minigum volume of the bubble was chaosen
as .064 V, to be representative of the exper-
imental daca. As the zminimm volume is
alloved o go to O the curve RG approaches the
curve R,, but a gas-filled model will alwvays
show a sharp ascceleration spike at ainimum
voluse when the bubble rebounds and i{s chus

a fundamentally different solution than che
vapor model.

It should be remenmbered, however, that
s0lid vall proximity will cause a jet to
form and cause damage before sinimum volume
i{s reached so that gas concent may not be a
large factor in that case. The experimental
bubbles at high ambient pressure reported
here were not nesr & wall and were not
observed to fors jets.

OBSERVATION OF SPARK GENERATED
CAVITIES AT HIGH PRESSURES

The high speed laser camera vas used to
obcain photographic histories of bubble radii
in several liquids at smbienc prassures from
1,000 to 5,000 pst (6.89 co 34.5 MPa). Spark
generated bdubbles were created ia a high
pressure experimental chamber designed and
built by Ssndia Corporation, vhich wvas placed
betveen the pulse locked laser and the camera
lens. The chamber 1s cylindricsl, with sap-
2hire optical vindovs concentricallv mounted
at esch end and a high voltage feed chrough
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that enters the cylinder radigily at its
aidpoint. The feed through was modified to
hold a spark electrode fabri:cated froe stan-
dard 1/16" diamecer thoriated ctungsten welding
electrode stock, tapered to a poinc. The
grounded alectrode {s i{dentical and is aounced
directly to the inside wall of the cvlinder at
909 co the high voltage electrode, forming a
spark gap on the cylinder/optical axis.
Photographs of the experimental set up are
shown in Figure 3 and Figure 3.

The sparks ware nade by discharging s
1.93 ufd capacitor through the spark gap with
a 7390 hydrogen thyratron. The capacitor
vas inictially charged to 1] KV. Typical volt-
age and current wvaveforms of che discharge
pulse at the spark gap observed with different
capacitors charged to voltages from 3 to 13
KV indicate a predictable D.C. gap resistance
of ahout 0.10 ohms, with a current waveiorm
that is closely sinusoidal of one-half cvcle
and width of about 5 us. Thus the energy in
the spark can be determined bv measuring the
peak current on each rua.

Typically spark energies were in che
range of 10=20 joules and efficiencies vere
in the range of 10-30%. No asttempt was nade
in this study to opcimize che spark inpuc
energy or the efficiency and the data do not
show any strong correlation bdetveen energy,
eificiency and pressure, slthough excepcion-
ally high efficlencies such as the case above
seem most likely to occur at the lover pres-
sures and lower input enargies. More typical
values for runs at all pressures are closer
to 15 joules in the spark with an efficiency
of about 151 resulting in about 2.25 joules
of Pressure-Volume energy in the bubble.

Liguids used for these experiments were
chosan on the basis of optical transparency
for photographv and variation in physical
properties which would give some assurance
that the results could be applied to drilling
ouds. Jater was used as a standard of compar-
ison; the other liquids were s mixture of 50%
water, 50% glycerin, and a mixture of 50%
polymer solution, 502 glycerin. The polvmer
soluticn was 500 ppmw Polyox WSR 301 in water.
Polvox is a Union Carbide brand name for polv-
ethylene oxide, the WSR 301 has an average
zolecular weight of “4x10°. The glycerin~
vater mixture provides a Newtoaian fluid with
a densi:zy 133 higher than wvater and a viscos-
ity at room temperature 6.7 times that of
water, and within a factor of 10 of drilling
fluid viscosities. The glycerin-polyox mix-
ture has the same density (1.13 gm/ca’) and
is highly visco-elastic. The shear thinning
behavior of drilling fluids was not modeled
experimentally, but since both the theory and
thease experiments indicate the negligible
{mportance of moderately high viscosity, the
behavior of decreasing viscosity with
incressing shear rate will have no measurable
effect on overall Hubble dynamics.

Data are shown {n Figures 3 and §&. They
present the data {n dimensionless :covdinstes
which allows comparison of bubbles of varving
radii ac different pressures. The reduced
radius is normaliced to the zaximum Tadius
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of the bubble and the reduced time is normsl-
ized to the theoratical Rayleigh collapse
time, T. The expressica:

-~
r-.915R&'%. JeFluid Density, PeFluid Pressure

can be obtained from equacion (3) by solving
for t as a function of R and integracing.

The zaxisum Radius and Rayleigh time for each
run, along vith the bubble's Pressure-Volume
energy are given in Table 1. To give a
clearer picture of how the histories vary with
increasing pressure, the data for all §
Glycerin-Polyox rums are presented in Figure

7 {n dimensiocnal coordinates of aillimatars
and amicroseconds.

The noraalized data can be comparad
directly with the theoretical Rayleigh curve
{Figure 1] and wvith Figure 2 vhich gives the
theoretical collapse curves for both vapor
filled theory and for bubbles comntaiaing
non-condensible gas vhich causes the bubbles
to rabound. The rebound portion of the curve
would be the growth curve for a gas filled
bubble. While the true behavior of the bub-
bles fics neither of these models exactly,
they are couvenient for discussing the data.

For all experimental rums, growth and
collapse data tend to be bounded by che vapor
and gas curves. In general growth portions
of the data tend to be closer to the vapor
curve and collapse data tend to be closer
to the gas curve. In the denser liquids che
asymmetry between growth and collapse tends
to becoma grester with increasing pressurs.
This behavior of the data suggests that a
good theoretical model for the overall bubble
dynamics could be developed from a physical
a0del which postulaces s bubble containing
both condensible vapor and aon-condensible
gas, with the non-condensible gas concentrated
in an expanding core at the bubbla's center.
Siace bdubble histories are short compared to
diffusion times, it is unlikely chat the non~-
condensible gases from the spark ever becoms
uniforaly distribuced in the bubble. Such a
model is being developed and is expected to
show tha general Rayleigh like growth, gas
like collapse behavior seen in these experi-
asncs. It should be noticed too that the
data show a sharper cusp at rabound at aini-
aus volume than does ths simple gas filled
model, wvhich also fails to account for euscgy
loss due to shock wave radiation and other
effects in real bubbles vhere compressibilicy
of the liquid becomas important during the
last {nstants of collapse.

All data from the 502 glycerin-350% wvater
runs [Pigure 5] show a good fit to Rayleigh
growth if the origin {s shifted and tha growth
tends to become slightly retarded at increas-
ing pressure, requiring a larger origin shife
for a vapor fit. There is also s treand for
the collapse portions of the data to becoms
aore retarded vith increasing pressurs. Thus
the 1,000 psi data are sn excellent f£i{t to the
vapor curve ia both growth and collapse, while
the collapse data become incressingly like
the gas curve at higher pressures. A notable
axception {s the 3,000 psi run the data for

which fit the Rayleigh curve in both growth
and collapse nearly as well as do the 1,000

si daca.
P The glycerin-polyox data [Fig. 6] are much

like zivcerin-vater daca except thact the

trend for dynamics to vary from vapor

like behavior to_zas like behavior

is uniform from 7 MPa to 35 MPa with no anoma-

lies such as the run in glycerin-water at 21
MPs. The 7 MPa Glycerin-Polyox are the best
£it to a Rayleigh msodel of all daca with an
origin shift of only .02 (compare .05-.15)

and che data at 35 MPa lie on the vapor growth
gas collapse curve with an origin shift of
.15. It is possible that the non=-Newtonian
effects of the polymer are responsidble for
decreased sensitivity of the dymamics to
random variacions in the nacture of the single
spark discharge which probably account for

the scmewvhat nixed behavior of bubbles in
glycerin-water at the various pressures. It
must be pointed out, however, that these dif-
ferences in the data are small and should have
little effect on the damaging capability of
the bubble.

DAMAGE OBSERVATIONS AT HICH PRESSURES

One inch fused quartz cubes were instal-
led 1ia the high pressure chamber adjacent to
the spark gap and the high speed camera wvas
used to record histories of bubbles zrowing
and collapsing on 3 face of the cube. Records
in both water and the glycerin-polyox aixture
coufirm that the qualitative features of
bubbles collapsing on a boundary at pressures
from 1,000 to 5,000 psi are the same as seen
in studies at atmospheric pressure. Slight
damage to the cubes can be seen in studies at
acnospheric pressure. Slight damage to the
cubes can be seen after only a few bubbles
have collapsed on the surface. Exposure %o
approximatley 5O bubbles produces excensive
cracking of the quartz to a depth of about .5
ca. A photograph of the surface of a cube
exposed to about 50 bubbles at 14 MPa
ambient pressure is shown ian Figure (8). The
nagnification is approximately ten. Continued
exposure to collapsing cavities will shatter
the cubes to destruction after about 100-150
bubbles. As in the studies at ataospheric
pressure, some saterial is actually removed
in the process, but for these brittle mate-
rials the greatest damage in in the extensive
crack nectwork that develops. It is also
observed that there is a latent effect in the
development of a crack aetwork: the first
bubbles zay have little apparent effect, but
continued exposure develops the malor cracki=n
that can appear suddenly and dramatically.

OBSERVATIONS ON THE LEACH AND WALKER
NOZILE

In the course of observing cavitation
from nozzles such as the cavijet it wvas
thought to be of possible intsrest to look at
the cavitation from a well-known nozzle such
as the Leach and Walker design [24] which had
a proven record of efficiency for operation
in air at very high pressures. It, of course,
was not, to our knowledge, designed for cavi-
cating operation.

, A
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It vas, therefore, mounted in the bSlow-
down vatsr tunnel with a jec of 30 meters per
second submerged in essentially stagnant
wacer about 1.2 ca from the carget wall.
Figure 9 shows three {rames from a motion
picture caken ac 200,000 Zrames per second
with the laser camera. Cavitacion appears
very stringy and tagged and there is little
evidence of vortex core cavitacion in this
nozzle. The cavitation at the bottom of the
frame vas on the target plate and was unavoid-
able due to the difficulty in making the
Leach and Walker nozzle cavitace. Its cavi-
tation incepcion parameter was about 0.3 and
it is unlikely that cavication coatribuces
to the effectiveness of this nozzle in prac-
tice.

OBSERVATION OF BUBBLES IN A STAGNATION
FLOW

Preliminary studies of bubble behavior
in a stagnation flov were aade iz the blow-
down water tunnel facility. The tunnel has
3 vertical 7 cm*7 cm square lucite expari-
mental section and provides turbulence free
flows of uniform velocity profiles up to
about 30 meters/sec. A model was designed
and iastalled in the experimental section
for the stagnation flow studies. The nose
of the aodel is a flat surface, normal to
the flow, about 2.2 cam in diameter, and has
a lithium-niobate piezoelectric gage just
1ader the flat surface to detect and measure
the stress pulses from collapsing bubbles.
Bubbles are generated by an adiustcable spark
probe installed upstream from che model.

The experimencal set up is showmn in Figures
10 and 11. The flow carries the spark zener-
ated budble into the stagnation region where
it can collapse on the flat surface.

To evaluate the feasibilitw of using
bubbles to assistc deep drilling {t was felt
that ansvering tvo questions experiaencally
had high priority: 1) could bubbles over-
come the adverse pressure zradient of the
flov to penetrate the stagnaction region and
collapse on the surface? 2) Would favorable
bubble geometry be preserved which would
result {n the formation of the damaging aicro
jets vhen the bubble collapsed?

The aasver to both of these questions is
affirmacive. Figure 12 shows a double expo~
surs sequence of a single bubble Zenerated
by a spark on the axis of symmetry .65 cm
above the flat surface. The first exposure
vas aade 200 us after the spark and the
sacond exposure 400 us after the spark.
During the interval between the spark and the
firse exposure the average velocity of the
bubble cencroid vas 415 cm/sac and {cs aver-
age velocity between the first and second
exposure is 470 ca/sec. During this interval
it has collapsed to about 40% of its first
exposure volume. The collapsing bubble is
thus accelerating into the stagnation region
as predicted by the theory of Senjamin and
Ellis, conserving its virtual somentum as it
collapses. Other phocographs have shown the
Sybbles collapsing on the surface with
various coabinations of standoff discance and
tunnel velocity, and these collapees produce
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the characteristic large stress spikes in the
plezoelectric gags. The geomerry of zhe bHub-
ble shape is also favorable. It {s seen -hat
che Subble deforms to an oblate ellipsoid.
Its aspect ratiois 1:1.16 in the firsc expo-
sure and 1:1.38 in the second.

When Naudé and Ellis published the Zirst
theoretical work on the geomerry of initiallv
spherical bubbles collapsing on a surface in
cthe absence of flow, the predicted jets
formed were slowver than would be expected
from damage studies. More recently che
Russian workers Voinov and Voinov (51 showed
theoretically bv numerical calculations that
if the initial Subble shape was an oblace
ellipsoid, the predictred micro ‘ets woulid
have extremelv high velocities, and tais ‘s
the shape which is seen experimentally in zhe
stagnaction flow.

With these observations it was felt thac
attention should be shifted to the use of the
high speed camera. Results are shown in a
cinema to be presented at this meeting.

DEVELOPMENT OF LASER CAMERA

To obtain the desired photographic
histories of the cavity growth and collapse,
a new high speed laser camera was designed to
the following approximate specifications:

Frame rate: Variable 10° to 2x10° frames:sec
Exposure time: <30 nanoseconds

Number of frames: >100 full frames or

200 half frames on 35 mm film

Frame rvate: 100,000 to 1,000,000 per second
Srame 3jize: *.2 cm

Magnification: Variable 1/2 zo 2
workiag distance: 1 neter at aaxizum
sagnification.

The camera consists of a high repetition
rate pulse locxked tuby laser light source
which frames an image scanned over a station-
ary strip of 35 =m film dv a rotating 3irror
mounted on an air driven turbine.

The laser svstem is a nev and improved
high output version of a pulse locked laser
system Sirst developed by A.T. Ellis. The
ruby is a 3/8 inch by § inches helegraphic
grade rod wicth antireflectively coated,
normally cut ends. Iz i{s pumped bv two
helical Zlssniamps in a refleciive aluminum
housing.

While the camers was bullt expresslv for
the bubble studies, it should find applica-
tion to manv research problems. The kev to
ics versatilicy {s the high intensity of the
pulse locked laser svstem which allows the
high effective { number of the camera ovtics
(£ 60). Additional flexibility is provided
by the modular design which (s centered on
the turbine housing, & strong rigid structure
of 1/2 inch aluminum plate to which bol: the
auxiliarv airror housing, lens aount, and
{ila quadrant: all of which are simple piv-
wood stTuctures. Thus 3odifications can
easily bde zade such as fila juadrants of
d1ffervent radii, lenses of iifferent focal
lengths, incorporatisn of a schlieren stop,
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shanges in auxiliary airror geomectrv, or
operation withour an auxiliary mirror for

a short focal leagth low f number configura-
tion which would be useful for shorc histories
ac lover frame rates with a conventional
lighct source. Transfer lenses could be
inscalled in film quadrants and the camera
operated as a 3eckman-cype camers with a
sontinuous light source, or at high frame
caces with the pulse locked ruby when a high
incensicty coherent light source is desired.

Photographs of the camera and laser head
are shown in Figures 13 and 14,

SUMMARY

The objective of this scudy was to
ieceraine che feasibility of a new methed ot
high-speed drilling of deep holes to permic
nore rapid and sconomical utilizacion of zeo-
tnerzal energy and petroleum resources. The
aethod cousisted of generating an eleccrical
spark in drilling liquid and utilizing the
qign velocity jets and shock waves from the
collapsing cavicy to fracture rock than rely
on the spark generated snock wave alone as had
been investigated by ochers. This complecely
new approach required unavailable dasic
cbservactions on bubble dymamics at high
ampient pressures in order to establish a
reliable nacthematical theory for future
design. Complece bubble lifetimes as short
as 25 millioncths of a second mandated the
conception and development of a new ruby laser
iight source and camera. Although a consider-
able porizon of proiect time was required,
zhis svstem as in absolute necessicy Zor
complecion of che project and is currencly
unique. Tvpically, 100 photographs at 1
microsecond intervals and 20 nanosecond expo-
sure zimes wera used for daca acguisition.

A aarvow dand light filter together with :oh
optizally coherent illumination revealad
details of shock wave propagacion and

cavity geomezry during che actual spark
discharze which lasted for the iirsc 5 micro-
seconds.

Some principal findings are:

L. Damage to the solid occurs at bubble
2ollpase and noc from the spark generated
shock waves.

. 3ubdle dynamics agree with theory
ievelored and may bSe predictaed even at aigh
amoient pressures above che crizical point
(12 ¥Pa for water). (Observed zo 35 “Pa).

3. Inertial effects override the effects

of viscosity and viscoelasticity on bubble
dvnamics and therefore existing drilling wmuds
should not be less damaging than wacter.
‘Their nigher deasity should make them more
damaging). Experisencal observations whizh
supporc this conclusion were made for 307
3lvcesine~vacear aixtures as wall as polvmer
solucions.

«. Photograpns Jf shock waves tacident
sudbles show that there is aeglisible 7.
on the bubdbble fcr the shor:z duration 5% zhe

shock. Thais contradiczs ideas prevalent
bsefore this work w7as done but simplif:ied
theoretical sredictions. The work coes snow
longer ctime pressure ovscillacions in che simu-
Laced borehole which could hels maintain zavi-
tation.

5. Measurements show asbout 185 of eleczri:zal

energy ia the spark deing recovered as dubble

(PV) energy. This was assentially independent
of ambient pressure 'measurea o 3,000 2si).

6. The pressure gradieats in a stasnation
flow which would de ancountered in che ‘et
from a drill bit nozzle have a Zfavorable
effacc on dubble Zeomecry and should enharce
the damage capabilicr of zhe :z2ilapsing :cavi-
ties.

7. This studv shows the introduction >f
cavities iato drilling fluid will proauce
desirable iacreas2s of rock Jraczure aven
at high ambient pressure. This was a major
unresolved question defare this proiect was
completed.

8. It was found that che electrical energy
musgt be {ntroduced in a short time relarive

to bubble lifetimes in order tc produce an
effective collapse. At 5,000 :-si the 5 micro-
second duration cof che discharge was alreadw
Secoming %oo lona for the 15 microsecond
lifetize.

RECOMMENDATICN

Cavizacion iantroduced iaca drilling fluid
will substantiallv assis axisting doill b:it
but pcssible methods of gzenerazting cavitat:ien
by utilizing flow energv from the mud pumps
should de thoroughlv investizated at high
ambient pressures sefore any zore efla is
put into the spark zenerating zethod. The
stark method has orovea useful as a lLadoratory
Teans of checking cavitacion theory dut there
exist major technical difiiculties requiring
major engineering offsr: hSefore fiald use
could be accomplisned.
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Fig. 11 Experimental Section of 3low-down
Tunnel

Fig. 12 Exposures ac 200 us and 400 us of a Fi{g. 13 Camera Turbine Housing with Lens

3ubble Saneraged .65 ca Above Model
Nose .
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Fig. 14 ?Pulse locked Laser System. Visible
from Lefz to Right: Photodiode and
3eam Splitter for Monitoriag

Oueput, Jutdput mirror, Xerr Call,
Polarizer, Ruby/Flashlamp Housing,

Rear Mirror
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FIGURE 2.3 MODEL IN WORKING SECTION
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FIGURE 3.3 BUBBLE 3 COMPLETE CINE HISTORY

FIGURE 3.2 BUBBLE 2 OSCILLOGRAM AND CINE SEQUENCES
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FIGURE 3.4 BUBBLE 4 COLLAPSE CINE SEQUENCE
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FIGURE 3.6 BUBBLE 6 COLLAPSE CINE SEQUENCE




98

AHOLSIH NOILOW 6 3188N8 ®€°C 3¥NO14

«rh 3m1

RADIUS, DISTANCE (am)

oL

/

ANYONNOE 218808 ¥IM0Y

T

owuin3d 3vene

-~ ANVONNOS 2Ve8NE NIdeN

N0 0=
e waZ = TONINID ,

08/Wud022 |1 =%n

wmiggz =Yy
ww|geg =0y

AHOLSIH NOILON © 3788NE 8°C 3uNDI4

o ImiL
007 00§ 00

[}
. T T T ~-T T 14 T v

\\ SNIGVY NYIR

AUVOUASS 3VSOAS ¥IAOY /

o1YLN22 2V0000 \

ANVONNOE 370EN0 UIdeN \

%ONLE Onn
u..\‘oOﬂ"a-B:.tuU’
200/W2022 1=
aigiz=Vy

8

(ue) JONVLISIQ ‘SIOVY

ha




87

ALID0N3A OGNV
NOILISOd QIO¥INID SSIINCISNINIO 6 318E8NA 26°C 3¥N9L S

INIL SSITINOISNINIQ

-
-
-4
-
=
-
-
-
-fr

v

AL100713A *3ONVLISI0O E€SITINOISNINIC

SSYWN IVNLUIA
ONVY SNIOVY SSITINOISNINIC € 3788N8 46°C 34NoSId

INIL SSIINOISNING

(54 ot L i 14} &t o [ »
LI N ¥ L Ll 1 i ] ¥

~-
-

SSYN
IVALYIA \

=~
. 384v1100
. HOI1AVAVY

1
-
SCYN ‘SNIGYN $$2INOISNINIG




N3IL1SAS FLVNIGHOOD 1 ¥ 3HNOIY

Q\\ ] l:
’ ] 'a
) ¢ .—
vz ! v 39V
+ ! ’
1Y L] ¢
ol L] \\
~ o s o ® L4
L]
L
0=2 AYVANNOE 0i91Y
2z
4 | a3788n8
9
L]
z

06

e w £ttt -

68

ALID0TI3A INITILINID OI°E 3UNOLY

L R I T T T T

[ [ 3 £ L £ » [ o [ 4°
T T T T T T T T
.
-
B
zp L/
HP o/ .
.
.
.
.
. -
.
.
zp . g
NP .
P 4
aeg .
NO1AYNOVLD -
» -
.
*
Q. -
P zp
AP N -
.
oan -
wep = of
-

(ww)z




@ 3788n8 4 3180n8
KNLNINOW TVNLYIA ONV 30803 SS3IINOISNINIQ 2°C 3¥No4 WNINIWOW TVNLUIA ONY 3DH0J SSITNOISNINIO 1°C 3UNDIS

3NIL SSITINCISNINIC

ot 1 4 " 4] [1] n [ 3 v 1 4 [ 4 [ ]
8 a3 Y «
3NIL SS3TINCISNINIG T L T T Y ' 4 T
ot [ " " [ oy 3 v v '3 °
v T ¥ T T T T T ¢
o o
e 4¢
o b 14
3 . o
o UE.. i g
_m (1M o onmu ~c W
& £3025014 49 3 °
AIU. v ¢ v ¥ 2 m
E -4 q_ﬂ
- o @ Z
m = @ (7]
w £ -
173 jad < F
ol “4: z H H i
< 6 ] 2 [
Pl v o (=3 o
2 2z > -4
£ e o £ - <
> ™ z 2
- 3 “» S
< @ £ o
o o' . - m [ ]
S - 4v- 3 g
£ . . ] z
™ H 2 E ]
z .
3 1y 2, m H
< oy - v v -5
£ 9
1P,
[ . v m\ q¢-
L]
- -
[~ & ud - -
L]
.
L]
- .
: (12 o * o * ~¢-
g 4o
[ o - e

6




143

' 6 3188ne
gz td Q1 VoA ‘ERINFT ealal e a5us135 Aoy , WNNLININONW TVNLYUIA OGNV 30404 SSIINCISNINIG €£°C 3WNdIJ

‘preoy 10141 ,, ‘ne9,] ap UOLIIERL €] zed justueanous ud 8IS RU
uoe b sauyorw sap 3sjdwod enid spaepyL,, ‘psLl ‘7T CLANT

*abpraquue) ‘(-Lg°d
+3ovdun] pinbry pur prog Aq uolsoay U6 ‘juol iy ig '301g o o " 3 u:”. nnu“.zo.nznu!a . ., .
. uk R
. *eanesaid juajquee y3iy e pue smoyj 3of u} wopueudp . 1 el 4 a 4 ' v

21qqNQ UO sUOREAIIEGO,, ‘661 *°F [ ‘Nd2aeig puv L ‘v 'eNIF

*(*9p3) yozog "m ‘S pue
13dood g *H ‘°‘D°q ‘uoiBuiyeem .:o»mﬂmw& leaey jo EE1ie]

11 °d ‘sopuvulpoipAH [eaeN uo wnisodwils Y& "301g .
., ‘UOLIRILAED tI0S) §3aEa YI0ye pue 832f U, ‘9961 *'°L 'V ‘IMIT

*zve *d ‘6% ‘loA ‘90§
‘TG “quie) ‘201 ,, ‘edTureukpoIpifl Uo 0N, ‘€561 D ‘umIrg

eIy
] Ayjs3aatup uoladullg ‘ducisoldxy J2iemidpun ‘gral ‘*H "W ‘310D

! ‘2vl °d
| Vo jo ‘918uT ‘YIap ‘205 caawry euws] ‘Julug dwsed [
.. 'pinbi v up Ajtaed Jedysayds Ajreau v jo asdeqrod 3yy

ay §332}J2 1eIUNUON,, ‘ZL6Y °°S Iy ‘1298 ] pue ‘g °Y ‘upwdeyd

‘ASojowr{da] JO 2ININIEU] elulojNe) ‘UOHEIIIESI] [EI0IV0(
L tasdeqiod a1qqnq 1odea qudjraydeuon,, ‘0Ll ‘d ‘Y *qewdeys

2004 88IINOIGNINIG

‘€95 *d 61 ‘104
‘8Xug 1ddy °r ,, ‘sanmsed pauj yim saatsordxy, ‘gy61
°] *n ‘sofhe] pue "y *F ‘yind *°d "q ‘lednogoeN ‘D ‘Jowiad

€020
(e M

KOLNINON TYALYIA $S3INOISNING

afpriquien ‘ggl§ "@oiEE{ISW
-51pX§] pue so13ese0IpXff U0 enALAIL v ‘6581 'H "M ‘uesdg

‘122 d

‘352 ‘19A 'v ‘uopuo] ‘205 Koy ‘euril “IHid , ‘€31depuncq

phnoe jsuiede paanpord Aqazay vasnesaad ays pue #31qqnq
uolieiAed jJo dede(od YL, ‘9961 "1 "V ‘sHIT pu® 'd L * apurefuag

‘esdxg
A3d33atun adpraquie)d ‘sorreukg pInIJ ‘2961 M D ‘Joraudivd [T -l e

SIDONIYI AT

€6




B

N Tf0D
woog WHI-»eIAM ToauL 194¥1 Xivpuncd ‘grel TH TAUNEINE

*20ht ‘889id
Gisdoamp afpraquies rqig 4 “T{eA 1g339tany ?u_m.a.mxvdﬂ
_.Su!u_rmmmw?,mo, Tiadeg . teaane xadwiay A1euipso i o8Ny uado

we ul 3¥jER JO Rugioq ayy Bumon® guawilz+d ¥, ‘poBl O +gpjoulad
g1 4 *T11oA .mw\uf.@l-ﬂa(cl»mt.:«.nﬁl.wlnwmw ,, tesapped

-o1d iaa12% B0 UG JaLAULL 30 3129352 A3 VO, ‘p281 O +pplouk 3y
gg *d TS TY SR Jexey Tieup TsuTil
..Jao..c_huavv Ay pue Ajgesnaodwd paje8usanut paItIeNe

maids jo waurdua 3y jo Bupoea jo sasned L., L8t o +sprouhay

e

‘pp "4 TpE T10A CFe IR . P10 Jest3ayds ¥ 30 2sdef{e? 210
Bupsnp pnbyp ¥ 91 padolaasp amesaad a3 8O, L RTA TN T4t y8rathey

cAfoiouyIsl 3@ 2inneu] TLUIOFED QSN E LA of ed0130Q
. g omuieudp #19404 ul 8339139 uotieqiniLed,. el W *fesivd

rrg9 *d ‘216l *¥T AW C Giiasmdud
. reapetil 1aptadosd azuodd Jo UOISLXIOD,, etel A faswied
(S A1 | rguopredTiand 2¥ACd (FIIaTtolay

e T B e

pue ~0spiH 0 Flvuaiarpung Tveot veny rQ ‘wuafisll Puv *1 ‘npueld

d TTTI0A
L ‘ot 4 "l 10
caney A&y Taend o tAwaed jodea ® jo advye eataeyds

aygy J0 Lnpqes AU LO- 96l ‘'@ "1 ‘IRWAMA pue g W ‘328921d
ag 7T T ToA
cggol "d *LL TOA
¢ egITUT CYINN TI0S Trauny Ceuell L, tadeusep uoietAed

jo wisuRdIw sy uO,, ‘6561 eey ‘v 'SUI3 pur ‘s "W “32883ld

SRR o

. o ¢ v SIS ORI T

cgz *d ‘¥ 1ea TR pig f

,, "R awpuniq pyos ® 30 voofo&:w?: ay wy Awaed zodva _mut!in
Ayjepatuy ue jo asdejiod,, (L6l " u syrusdes}) PUE 'S W ‘eeedld

-z22 *d ‘91 “10A CEAN EeV f
,,*63(9qnq UoREIMED JO soquwudp 24L, ‘6vel 'S W 3a8e31d
-grg *d *L0T T9A
.u:_....c_:.u:w :.-uoﬂoao.a jo B8O 30 uois0110d j° LETL) -
a1z oy suoleIsFAUL, 161 'S S A00D PuT y D euositd

96

_ . .@00 d .ll'ﬂO -.ilnldo A . .q.ﬁiun(lvlu‘lu.mu.ﬂn..
e gIRTT CYIIN 208 Tyaury "Su¥Il . ‘Aaepunoq prjos ¥ yipm 93
.uod uy Suredeyio? sANNED gdufu.t-?_u&.:on Lq IBwwsep a0yl

_eaed jo wisiveyoaw A uG, ‘1961 1LY ‘a3 pur *d D *gpueN

ox N ¢ waBuz sygaspy 90§ ‘RIWY repa) 3 "D
cgnuasyeim pus "N ¢ tuos3r2qod “g 9 :.u:b.o.:u.ﬁ.. aste

aon) 261 4 +IBpagmouy JO 37915 UOTPIAED . tgadpap UL
uo 8329539 VORFUATD. ‘g961 2 f CuwuyoTl PUE °D "M ‘ueBaopt

X°N ‘0D e RUIEN
jesnesosdl *8961 W T raosdiuoyy - 3TN

s PR g SFIUIRUAPOIP: H

.unﬂuaﬁﬁu.-anm ]
edwg pinbr1 pue (31 Xq wotsosy uo TR0 P WS 0id
saedefiod 1qanq uoyjeiaed U0y sl probri. ‘6lel ‘M s ugoq 8WNWY

gedxd
Aysaaapy) 28pHQWED pr B S5TvOApOIPLH 26T H QT

oy "4 'Sl TOA o akig aay I o PUOHRAINED
jo uonIdE 2AEIONIWIP AU YOu wp6l ™ «p0z0ang PUT ‘N *prauIon

_ gyot 4 *LL TI°A T ]
“EA 908 AR SEuwil 4, dfewsep uoreIAEY pUv uopeIAed
jo 8owuEYISW 33 3O GUOJIEBNISPAUT ANy ‘gghbt ‘"1 “H sddemi

-mm‘ tm
F6 10A ¢ .538Gg QoSN d0§ TV aavay © Busuly dievd °T
..+ 991qang [earaaydsuot Jo sopueahp o WOu ‘2261 A G ‘QAeH

Y e T NS T503d W1 W% PINU D

w1 vaiayds Suyesind om3 jo wagqoad Y3 BOu g881 W A *raNotH
., od TVTOA -l\.l\\.\lil‘.lllll\l.-lnlll- I
g7 "d Top *-365 A 4D 3014 , (P13 ®

n sasayde Buysesind aml JO wiajqoad ¥4y “Ou 681 W M ‘exaul

5 N "0 wood o~ aerDIN
FOIN pUe ToTTeIAYD ‘0861 *'D +g ‘nuruTyd

guslucUely MOold INE
gtz 4 ‘B I0A
regad ‘IS 133V , ‘eedEsINe sjqrwiaoyep e sIIqQM™ JO
a9du[(od pYE ywnoad adL., “1a6t "8 °f sayeld PUY "D g ‘uosq)

y161 ‘oI
rgg9ag UYSUOISIM 3O Ayeasapen ‘sueid oS 44

opwsueag, 9 o 5 '8 (93PS 4PN oKL ‘8691 ‘WIND MWD

£6

kst



- J

*12¢ d LT “104
* 3N PINId T . *91991Q [¥P10I0] BY) PU BQqNQ [RUOISTIWIP 3
~93aY) Yyl .N ueg .v—”: Piaslaug ue uj VOEhOu aqqnq .I. . L
¥ jo uopow JRRIUY AYL,, ‘€961 °°d °f ‘UOSPlAEQ puw ‘Y ‘[ ‘sIsFeM

*goy °d ‘21 1OA ‘Y23 PINII [ ,, ‘91qqnq [rUOISUMIP
-om) 3yl ‘[ 3vd °pIMbR PI13sIAUY UR G pawiio] AIqqnq sed
® jo uoyow [RRIUY YL, ‘2961 °°d °[ ‘vosplaxg puw ‘) ‘[ ‘siem

o¥€ °d ‘$7 “T10A ‘-skyg “1ddv°r
. *SUOISIITIO02 A3130134 Y81y uj uoniewrao) 313 20 SUCKPUOD
Bupinury, ‘€561 °°f °3 ‘BMIM Pue D Y ‘Iaygasys ‘W °f ‘ysIem

*€el °d ‘e "ON ‘12 1A ‘°IMoa ‘sAyq ‘Aog ‘jef sapernumd
® JO UOLPWIIO] JY: PUR [[TM ¥ JBIU PIQqNq TOJIWI}AED B JO
ssder(od jo svad0ad Y3 uQ,, ‘9L61 ‘"A A ‘Aculop pUR *A QO ‘Aouiop

‘6Lt d

‘€ "ON ‘07 10A ‘‘DHod ‘sAyd ‘aog ,, ‘#209jans 2337 Yilm PMIJ

a1qleeazdurodul Jeapy ue Jo suoljows AJsuoliwisuca SunEinared
Jo poyiaw jedpIaUMY,, ‘SL6( ‘°A ‘A ‘AOUJOA PUR “A ‘O ‘AOUIOA

*auuuRer]
*21 ‘10A ‘I ) wiadg 123[nT ] 03 BORINPOI W] S0P
W S9LI-L8G1 ‘SITUCYIIN PINIS JRUOREY,, ‘PpS6l ‘"D ‘lIdpeINIY

*o8ayq ueg ‘wjuIosIRD)
30 Ajj812ajun) ‘uoijeizaselg [v10330Q ,, ‘suciinjos Jawlfod
SIn[Ip U} SP2Y mo[ pue s>RuTUAp UOlIIIARD,, ‘1261 ‘°H K ‘BULL

*ABojouyda] jo anINBU] winaofie) ‘6y °d
‘{¥6] ‘SUMlop AJesIdAlULY UPUIIWY UOA 9I0POIY] ,, ‘P
ajjuul e Ul wnjuawow puw ssndway,, ‘Ip6l ‘°L ‘ussIopoayl

€961 ‘ssazg Ajeisawmp edprquen )
‘(°P?) "M D ‘aotaydreg ‘ue€ *d ‘TI 104 *Tolkel f
T D jo vaadeq IPTIUIS YL ,, ‘pMbA v wy uojeordxa we 4q
paonpoad mofoy ay: jo adeys puw uopowWs WYY, ‘CH61 °°I 'O ‘olhwy

. esid kysieamn a8praquie)d pa iy ‘srekTeny . €t °d ‘2161
UI2p0jN JO 904T0D V ‘2761 *°N "D ‘uosiey puw °1 "F ‘I eNYM ‘21 ‘uer *Bupieanidug |, *uoisosa saqiadosy,, ‘U6l °°Q ‘Priisqls

652 °d ‘0% "TOA *69¢ *d ‘2 Javg ‘08 '19A

‘305 IMd ‘quie) *doid , ‘asayde ® &g paqanyeIp mof) Jwuoyy * YIS PINIA I . 'TITa PTIOS ¥ 04 PRYITIE 21qqnq Tuajseyde
-w3011) Adeajiqan ‘safvwi jesnuvulporpAy ug,, ‘ye6l *°d ‘9siom -puay-uot v jo eade]od oYy, ‘2261 *°) ‘wvwifnyuy pue ‘v ‘wvwurmg

L6




